): E391-E395,1987.-Rapidly regressing perirenal brown adipose tissue (BAT) of neonatal goats was studied to correlate changes in mitochondrial metabolism and thermogenic capacity with changes in mitochondrial structure. The cu-glycerophosphate shuttle activity of perirenal BAT mitochondria declined 60% from birth to 6 days of age. Oxygen consumption and thermogenic capacity measured by ion conductance peaked at birth and declined to low levels at 6 days. Sample electron micrographs of perirenal BAT showed intact electron-dense mitochondria with many cristae and little matrix area at 2 days. However, by 6 days the mitochondria were very relaxed with large matrix area, few cristae, and observable degradation. These results indicate that the morphological changes exhibited by rapidly regressing goat's perirenal BAT in the 1st wk postpartum are accompanied by dramatic alterations in BAT mitochondrial function. thermogenesis; oxygen consumption; electron microscopy AFZELIUS (1) cited Gesner who described brown adipose tissue (BAT) more than four hundred years ago, but only in the last twenty-five years has the key role of brown adipose tissue in adaptive thermogenesis been recognized (for reviews see Refs. 6, 13, 16, 18) . BAT is capable of thermogenesis due to a unique 32,000 mol wt protein in its mitochondrial membrane. This protein allows dissipation of the electron gradient in the mitochondria without comcomitant stoichiometric production of ATP. The uncoupling of oxidative phosphorylation from oxidation in BAT allows the energy to dissipate in the form of heat instead of being used to synthesize ATP as in conventional coupled mitochondria (11).
All mammalian species examined possess BAT (17) . In species in which BAT is most active during the neonatal period, this tissue may ensure the survival of neonates (18) . All neonatal ruminants studied have easily identifiable BAT (2, 3, 5, 14, 20) and BAT biochemical properties have been characterized in prenatal and neonatal sheep (7, 10) . Recent work with arctic ruminants (muskoxen and reindeer) showed that BAT thermogenesis plays a key role in the survival of the newborn of these species as well (2, 14) .
In ruminants, BAT undergoes morphological changes prenatally from late pregnancy through the first postnatal weeks. The tissue changes its macroscopic appearante as well as its cellular structure. These changes occur at various rates in different species (3, 4, 8, 20) . The rapid morphological changes in the perirenal BAT of the neonatal goat (20) make the kid an ideal model for studying the correlation of mitochondrial function with structure in a rapidly regressing tissue.
In this study we first characterized the morphological and biochemical properties of perirenal BAT mitochondria in neonatal kids and then examined the relationship among the morphology, biochemical activity, and thermogenic capacity of this tissue in neonatal kids.
METHODS
Animals. Thirty French Alpine and Toggenburg kids aged from 6 h to 7 days and weighing from 2.53 to 5.00 kg were used. Kids born in early spring in an open barn were separated from their mothers within 2 days of birth and kept in a stall at ambient temperature (-25°C). Kids were fed 120 ml colostrum 3-4 times a day for the first 2 days and the same amount of whole goat or cow milk thereafter. Kids were killed by an intravenous injection of pentobarbital sodium within the first 24 h (birth), between 24 and 72 h (a-day group), between 72 and 120 h (4-day group), or between 120 and 168 h (6-day group).
Tissue sampling. The kidney and the fat pad adhering directly to the kidney were excised. The fat pad was removed from the kidney, washed in isotonic ice-cold buffered sucrose (0.25 M sucrose and 5 mM TES-HCl, pH 7.2), blotted, and weighed. A tissue sample weighing -2 g was homogenized in 10 ml ice-cold buffered sucrose by using a polytron (Brinkmann Instruments, Westbury, NY).
Mitochondria isolution. Mitochondria were isolated from the homogenate by differential centrifugation (23). Briefly, a small tissue sample (-2 g) was homogenized in ice-cold buffered sucrose and spun slowly for 5 min (410 g) to precipitate the nuclear fraction. The supernatant then was spun 10 min at 8,880 g. The mitochondrial pellet obtained was then washed once with ice-cold buffered sucrose. The freshly isolated mitochondria were resuspended in a volume of cold sucrose buffer equal to the original weight of the tissue sample. An aliquot was taken and diluted to a final buffer volume of ten times the original sample weight for determination of the aglycerophosphate shuttle and ion conductance (21, 23 BAT ion conductance was measured spectrophotometrically at 420 nm (21). The mitochondria were incubated in a medium of 100 mM KCl, 5 mM TES-HCl, 5 PM rotenone, and 0.5 PM valinomycin at pH 7.2. The decrease in absorbance within the 1st min after the addition of 0.1 ml mitochondria resuspension to 1.9 ml swelling solution was recorded (OD U/min).
A second cuvette containing 0.1 ml mitochondria, 1.8 ml swelling solution, and 0.1 ml GDP (0.1 mM) was also incubated for 1 min, and the decrease in absorbance was measured. Table 1 summarizes the somatometric measurements of the kids used. Body weights of kids was highly variable due to differences in litter size (i.e., singles vs. twins or triplets) and other factors such as maternal nutrition, and gestational length. It is not surprising to find no significant differences in body weight among the groups. There was a significant difference (P < 0.05) in liver weights between kids at birth and 2 days of age vs. older kids. This difference may indicate that liver weight increases during the 1st .wk of life faster than total body weight. Kidney and perirenal BAT weight were not significantly different during the first postnatal week in the goat kid (Table 1) . a-Glycerophosphate shuttle. The a-glycerophosphate shuttle specific activity expressed as nmoles of NADH converted to NAD per minute per milligram mitochondrial protein was high at birth, declined (P c 0.05) to less than half of the original level by 2 days, and stayed at this low level until 6 days after birth (Table 2) . Values are mean t SE; n = 4-6 at birth, 4-8 at 2 days, 6-10 at 4 days, and 5 at 6 days postpartum.
Mean total activity was calculated using the mean values for mitochondrial protein, tissue weight, and specific activity.
BAT, brown adipose tissue. Means across a row with different superscript differ significantly (P c 0.05).
Glycerophosphate shuttle specific activity at 2, 4, and 6 days was not statistically different. The postnatal decline in mean total recovered shuttle activity, calculated as mM NADH oxidized per minute per total tissue, was similar to the decline in specific glycerophosphate shuttle activity (Table 2) .
Ion conductance. Specific activity of ion conductance measured in neonatal goat kids and expressed as units per minute per milligram of mitochondrial protein was very high at birth and 2 days but declined dramatically (P < 0.05) to low levels at 4 and 6 days after birth (Table  2) . At 6 days after birth, ion conductance declined to half of the value measured at 4 days; however, this difference was not statistically significant. The calculated total recovered ion conductance expressed as units per minute per total tissue was also very high at birth but declined to half this value at 2 days. This activity continued to decline almost at the same rate to 6 days after birth (Table 2) .
Oxygen consumption. Oxygen consumption (Table 2 ) expressed as nmoles oxygen consumed per minute per milligram mitochondrial protein increased twofold from birth to 2 days (P < 0.05) then declined progressively to one-half the value at birth by 6 days postpartum, respectively. Oxygen consumption was different (P < 0.05) among all age groups (Table 2) . Total recovered oxygen consumption calculated as nanomoles O2 per minute per total tissue was high at birth through 4 days and then declined to low levels at 6 days after birth (Table 2) .
Histological observations. Electron micrographs of perirenal BAT from representative kids from each group were examined. In the top panel of Fig. 1 is a representative electron micrograph of BAT mitochondria from a Z-day-old kid, when biochemical and thermogenic capacity was high. At 2 days the mitochondria were dense, cristae rich, and had a very small matrix space. A representative electron micrograph of BAT mitochondria of a 6-day-old kid, when biochemical and thermogenic capacity had decreased to lowest levels, is shown in the bottom panel of Fig. 1 . At 6 days the mitochondria were relaxed, cristae poor, and had a large matrix. All samples were treated in the same manner and preparation for electron microscopy was done on the same day for each of the different age groups to minimize artifacts due to tissue preparation.
DISCUSSION
There are several methods used to measure thermogenie capacity: oxygen consumption, ion conductance, GDP binding, and more recently quantification of thermogenin by enzyme-linked immunosorbent assay or radioimmunoassay.
Nedergaard and Cannon (12) compared ion conductance with these other methods and concluded that basal specific oxygen consumption, GDP binding, and the amount of thermogenin measured by an immunological test yielded estimates of thermogenic capacity of BAT that were in excellent agreement with each other and with the estimates obtained from measuring ion conductance (12).
The progressive decline in both specific and total BAT ion conductance from birth to 6 days after birth indicates that kids rely heavily on BAT thermogenesis to keep warm immediately after birth, but the tissue progressively loses thermogenic capacity during the first postnatal week.
The specific oxygen consumption peaked at 2 days and declined thereafter. In contrast, total mean recovered mitochondrial oxygen consumption stayed high during the first 4 days of life and declined to low levels by 6 days ( Table 2 ). We measured succinate-stimulated oxygen consumption as an indicator of the capacity of the BAT mitochondria to oxidize exogenous substrate. Although succinate-stimulated oxygen consumption may not be closely correlated with BAT thermogenic capacity the decline in total and specific oxygen consumption from high levels at birth to low levels at 6 days postpartum indicates that the tissue not only loses its thermogenie capacity but also other mitochondrial activity during the 1st wk postpartum.
Oxygen consumption in highly thermogenic mitochondria may be regulated by substrate availability, because they are loosely coupled and the phosphate potential cannot exert respiratory control (5). Our findings cannot be compared with those of Nedergaard and Cannon (l2), because they correlated basal specific oxygen consumption to ion conductance and we measured succinate-induced respiration. In BAT the a-glycerophosphate shuttle is the regulator of glycolysis and the balance between lipolysis and lipogenesis (9). The cY-glycerophosphate ensures continuous glycolytic activity by maintaining adequate concentration of NAD in the cytoplasm (22). Glycolysis is important in thermogenesis, because it provides part of the ATP required for fatty acid activation when uncoupled respiration results in low production of this important intermediate (22) . Glycolysis also provides pyruvate, which feeds into the Krebs cycle in the mitochondria to form oxaloacetate, which couples to acetyl coenzyme A to form citrate. The high acetyl coenzyme A concentration may require high glycolytic activity to maintain the flux of glucose to oxaloacetate to maintain appropriate levels of Krebs cycle intermediates.
Kids at birth had high specific and total glycerophosphate shuttle activity (Table 2 ) similar to lambs (10). This high-glycerophosphate shuttle activity is able to support high thermogenesis, which peaks during this period. The decline in glycerophosphate shuttle activity after birth (Table 2 ) may be another indicator of the decline in the thermogenie capacity and total decline in the tissue metabolism.
No quantitative findings are reported for the cellular morphological changes in the BAT in kids in this study, because electron micrographs were done only on three to four randomly selected tissue samples of randomly selected three to four kids from each group. However, we observed the same type of cellular morphological changes reported to occur in lambs (8) and kids (20), i.e., a transition from multilocular adipocytes to monolocular fat cells. Furthermore, we saw a change in mitochondria structure (Fig. 1) . This observation confirms an earlier study (2O), which demonstrated a change in multilocular perirenal BAT cells to unilocular cells resembling white adipocytes by 7 days postpartum.
Our study extends these results by showing that the regression in mitochondrial structure was synchronous with the decline in the thermogenic capacity and biochemical activity of this tissue. The goat kid is a good model to study this regression, because the morphological changes in BAT cells occur very rapidly, unlike other ruminant species such as lambs (3).
In summary, BAT thermogenic capacity, metabolism, and biochemical activity in kids is very high during a short period after birth and, then regresses very rapidly
